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approaches, 9, 12, 13, 21, 27 thereby reducing exposure-related comorbidities to a minimum.
Our objective was to share our experience with a large intradural tumor cohort and show the feasibility and safety of tumor resection using a mini-open approach through the interlaminar window or laminoplasty for intradural pathologies, including intramedullary lesions and lesions with broad paraspinal components (i.e., dumbbell-type neuroma). An overview of our surgical technique is shown in Fig. 1 .
Methods
We retrospectively reviewed cases involving patients with intradural tumors treated at our institution from 2009 to 2016. We included patients with intramedullary tumors and intradural extramedullary tumors (i.e., meningiomas and neuromas). Patients were stratified by tumor location and surgical parameters as well as complications (cerebrospinal fluid [CSF] leak, hemorrhage, infection, deformity). Infection was deemed clinically significant if antibiotic treatment was required or if it led to the need for surgical revision. Hemorrhage was identified as significant if it resulted in significant anemia or if the patient had to undergo a second surgery due to neurological deterioration because of a hematoma. Intraoperative tumor resection was graded as total or subtotal resection or biopsy to assess the feasibility of the approach.
Surgical Technique
We routinely position the patient in a prone position with the surgical target area tilted into neutral position in the horizontal plane and the arms either fixed to both sides in high cervical approaches or above the shoulders in all other areas. The target segment is then identified using lateral radiographs, and a skin incision of 3 cm in length is performed over the 2 spinous processes right above the lesion, usually slightly off midline, ipsilateral to the lesion. In treating dumbbell neuromas an additional lateral incision (at a 90° angle to the first incision) may be performed to reduce stress on the skin. When a 2-level approach
FIG. 1.
Overview of surgical technique for intradural pathologies applied to a representative case of neuroma. The interlaminary window (A) is created by subperiostal muscle retraction. The lamina is removed, exposing the dura mater (B), which is incised (C). Sutures are applied to the dura for retraction (D) . Blunt dissection of the intradural tissues is performed for a primary overview (E) and the tumor is mobilized (F). After resection of the adhering nervous tissue, the tumor can be removed (G) while maintaining a minimal durotomy of approximately 1.5 cm (H). After closure with sutures, fibrin matrix is applied to ensure a watertight seal (I).
(laminoplasty and in few cases laminectomy) is used to treat larger spinal cord tumors, a 6-cm midline skin incision is performed. After preparation of the dorsal muscle fascia and unilateral incision, the paraspinal muscles are dissected from the bone in a subperiosteal manner. A Caspar retractor of adequate size is then inserted, exposing the ipsilateral lamina of the target segment (Fig. 2) . The segment is then again confirmed with lateral radiographs and the lamina thinned with a high-speed microdrill directly above the expected lesion location until only a fine bone bridge is left, which can be safely removed with a punch. In most cases, hemilaminectomy is unnecessary, and an interlaminar window with thinning of both laminae directly adjacent to the tumor is sufficient. In some cases, however, the tumor mass lies directly below the lamina, which then must be removed, performing at least a hemilaminectomy, for sufficient exposure.
After removal of the bone, the following steps are performed under a surgical microscope. The yellow ligaments and epidural fat are removed, and the dura is lined with wadding all around the expected entry zone. If epidural bleeding occurs, the surgeon may use hemostypics (like Gelita-SPON sponges [Gelita Medical]) to provide gentle tamponade around the dural cylinder to secure a "dry" durotomy. The durotomy is then performed in a longitudinal manner with a primary incision of 3 mm and extended in a blunt manner with a miniature hook instrument. For optimized visibility, we advise tacking the dural edges to the lateral and medial access walls so that unobstructed tumor preparation is possible. After this it is essential to drain as much CSF as possible to gain maneuvering space to safely inspect and dissect the intradural pathology. If the preoperative surgical planning and interpretation of radiographs were correctly performed, the tumor should be right inside the field of vision and can be resected using the usual instruments of choice.
After tumor dissection, we favor a dural closure with stitches and the addition of TachoSil (Takeda). If in doubt about the watertight closure, we add 2 ml of fibrin glue. Residual bleeding within the peridural space can be treated by renewing the Gelita sponges (removing and replacing with fresh ones). The small laminar defect is left open and the muscle closed at the tip of the spinous process using the muscle fascia as an index structure. Wound suturing may be performed according to the preference of the operating surgeon.
Special Considerations for Approach and Resection Based on Tumor Location

Meningioma
Blunt dissection using a dissector of adequate size with a soft curvature has proven very effective, but bipolar forceps and suction may be necessary for complete tumor removal, especially of softer lesions. Routine coagulation of the dura mater is performed to achieve a Simpson Grade II resection, which has a lower recurrence rate than incomplete resection. 
Neuroma
Essential for resection of neuromas is the point of origin, which can easily be identified by following the nerve roots in view. After confirmation, one may try to dissect the tumor from the nerve root itself, but often a plane of dissection is missing and the removal is unsuccessful. Since the nerve function often has already been lost even before the operation, resection of the root itself is a viable therapeutic option for complete resection. Resection of dumbbell neuromas, which extend laterally beyond the neuroforamen, constitutes a special subcategory of neuroma resection. In these cases, it is advisable to first progress as described and then approach the extradural tumor mass. However, if the mass effect is too big, extradural tumor debulking may be performed for better visibility. When approaching the extradural tumor mass, the focus should be on the neuroforamen, which can be cautiously expanded. After resection of the intraforaminal tumor mass, we usually find that the tumor lying paraspinally is pressed in the direction of the approach by the intraabdominal or intrathoracic pressure so that resection is simplified ( Fig. 3 ) and no secondary approach to the paraspinal tumor portion is necessary.
Intramedullary Tumors
For the treatment of intramedullary tumors, laminoplasty of 2 laminae was routinely performed. In these cases CSF drainage is indispensable, since swelling in the initial surgical period may pose a problem in tumor identification and dissection and may even lead to spinal infarction if herniation through the durotomy occurs. At our center, we routinely performed a midline myelotomy with pial sutures for tumor resection. Only in rare cases, where the tumor reached the surface of the spinal cord laterally, could we choose a direct mini-open approach through the interlaminar window (Fig. 4) . Resection was performed either in a blunt manner with 2 dissectors or using a laser. If bipolar forceps and suction were necessary, they were used in a low-energy mode (5 W) to ensure precision and safety of the vulnerable cord.
Results
Between 2009 and 2016 we operated on a total of 245 intradural tumors. The most common lesions were intradural extramedullary tumors (n = 151), represented by meningiomas (n = 79) and neuromas (n = 72); the latter were either intradural or of combined intra-and extradural location (dumbbell form, n = 9, 12.5%). Intramedullary lesions (n = 94) were also routinely treated at our institution, but only 5 (5.3% of all intramedullary lesions) were accessed by an interlaminar approach.
The patients' mean age was 51.4 years (SD 18.4 years, range 5-86 years), and 132 (53.9%) of the patients were female. The duration of follow-up for patients in the different tumor groups ranged between 2 and 97 months (mean 46.0 months, SD 25.6 months) ( Table 1 ). A total of 156 patients had interlaminar surgery, and 89 had open, largerexposure operations (all for treatment of intramedullary lesions). There were significantly more complications in the large-exposure group when all complications were included (9.6% vs 19.1%, p < 0.01) as well as when new postoperative deficits were excluded (5.4% vs 17.2%, p < 0.01). The resection rate was high in patients with extramedullary tumors, with gross-total resection achieved in all but 1 case (99.3%) and subtotal resection achieved in the remaining case; 33% of patients with intramedullary lesions (31 of 94) received subtotal resection.
In the group of patients with meningiomas, the mean age was 62 years (SD 14.2 years, range 19-86 years), and 62 (78.5%) of the 79 patients were female. Tumors were located in the cervical region in 25 cases (31.6%), in the thoracic region in 50 cases (63.3%), and in the lumbar or sacral region in 4 cases (5.1%). Five tumors extended over more than 1 segment, and the remainder were confined to a single spinal motion segment. All patients were operated on via the keyhole approach described above. The mean length of hospital stay was 9.5 days (SD 5.3 days, range 4-40 days). The mean duration of follow-up was 40 months (SD 26.5 months, range 2-95 months). Ten (12.7%) of the patients in this group had surgery-related complications. Five patients (6.3%) presented with CSF leaks, of whom 4 could be treated conservatively with bed rest and 1 had to be treated with surgical revision. The remaining 5 patients (6.3%) showed new postoperative neurological deficits, including 1 case each of spinal ataxia, radicular hypoesthesia, deltoid palsy, pseudoradicular palsy of the left leg, and persisting neuropathic pain of the lower extremities. Resection was macroscopically complete in all cases (Simpson Grade II); however, 2 patients experienced tumor recurrence (2.5%).
In the group of patients with neuromas, the mean age was 51 years (SD 17.0 years, range 17-79 years), and 30 (41.6%) of the 72 patients were female. Tumors were in the cervical region in 22 cases (30.6%), the thoracic region in 24 cases (33.3%), and the lumbar or sacral region in 26 cases (36.1%). Four tumors extended over more than 1 segment and the remaining neuromas were located within 1 spinal motion segment. Nine tumors (12.5%) were dumbbell neuromas with an extraforaminal tumor mass. All patients were operated on via the keyhole approach described above. The mean length of hospital stay was 8.7 days (SD 5.7 days, range 4-29 days). The mean duration of follow-up was 44.6 months (SD 22.0 months, range 10-97 months). Five (6.9%) of the patients in this group had surgery-related complications, including 1 CSF leak (1.4%) that could be treated conservatively with bed rest. The other 4 patients showed new postoperative neurological deficits (in 2 patients), persisting neuropathic pain in the lower extremities (in 1 patient) or persisting, mild unilateral L-5 palsy (in 1 patient). Two patients had to undergo revision surgery because of infection, and in 1 of these 2 patients, the infection progressed to spondylodiscitis and a fusion operation was required. Resection was macroscopically complete in all cases but one, where a dumbbell neuroma was left with an extraforaminal tumor capsule in situ. No patient experienced tumor recurrence.
In the group of patients with intramedullary tumors, the mean age was 42 years (SD 17.6 years, range 5-78 years), and 40 (42.5%) of the patients were female. Tumors were located in the cervical region in 52 cases (55.3%), the thoracic region in 34 cases (36.2%), and at the conus in 8 cases (8.5%). Five patients (5.3%) were operated on via the keyhole approach described above; 72 (76.6%) were treated with laminotomy, 7 (7.4%) with hemilaminectomy, and 10 (10.6%) with full laminectomy. Overall, the mean length of hospital stay for patients with intramedullary tumors was 12.4 days (SD 6.7 days, range 3-38 days). After laminotomy the mean stay was 13.2 days, after laminectomy 12.1 days, after hemilaminectomy 9.0 days, and after the abovedescribed keyhole approach 8.8 days. The mean duration of follow-up was 35.5 months (SD 16.6 months, range 8-61 months). Seventeen patients (18.1%) in this group presented with surgery-related complications, including 5 CSF leaks (6.3%). Of the 5 patients with CSF leaks, 4 were treated conservatively, 1 with bed rest alone and 3 with bed rest and a lumbar drain, and 1 patient had to undergo surgical revision. Four patients presented with symptomatic hematomas; the symptoms were all transient and completely resolved at discharge. One patient had a wound infection and required revision surgery after radiation therapy. Five patients had postoperative kyphosis, which required operative correction in 2 cases; in both of these cases, the kyphosis was in the cervical or cervicothoracic region. Two patients had new neurological deficits after surgery which lasted until after discharge-dysesthesia of the lower extremities in 1 case and impairment in the coordination of 1 arm in the other.
Within the intramedullary tumor cohort the highest rate of overall complications was recorded for laminectomies (30%, 3 of 10 cases), followed by 28.6% (2 of 7) for hemilaminectomy and 16.7% (12 of 72) for laminotomy. None of the 5 patients treated via an interlaminary keyhole approach had any complications (Table 2) . Gross-total resection was achieved in 63 (67.0%) of all intramedullary cases, in 20 cases resection remained incomplete (21.3%) and a biopsy was performed in 11 cases (11.7%). In the interlaminary window group we performed one biopsy of an oligoastrocytoma and complete resection was achieved in 1 intramedullary metastasis, 2 ependymomas, and 1 paraganglioma. There was no subtotal resection in this subgroup.
None of the 245 patients presented with symptomatic spinal instability manifested by cervical, thoracic, or lumbar pain. During follow-up, no signs of progressive osteochondrotic changes in the target or the adjacent levels were detected. At the 1-year follow-up evaluation, radiographs of the spine were obtained in 2 planes in addition to the routine MRI to discover potential deformities. In 5 patients, a slight kyphotic deformity after cervical or thoracic spinal cord tumor surgery was diagnosed during follow-up. The deformity remained stable in in 3 of those patients, but 2 required surgical stabilization due to progressive cervical kyphosis or thoracic kyphosis and scoliosis after larger approaches to an intramedullary tumor. In both cases, the stabilization surgeries were performed using PEEK (polyetheretherketone)-carbon screws to avoid interfering with subsequent MRI screening of the tumor region. None of the other patients needed additional intersegmental instrumentation.
Discussion
Our cohort demonstrates that resection of intradural pathologies via an interlaminar approach is a feasible option allowing macroscopically complete resection rates of 100% in our meningioma cohort and 98.4% in our neuroma cohort. Also, if sufficient attention is given to tumor extent in the preoperative planning, the interlaminar approach may be suitable for small laterally and superficially located intramedullary lesions or biopsies. High rates of resection, equivalent to those for open approaches, may be achieved, and the reduction in approach-related comorbidities must also be taken into account. Patients who underwent our keyhole approach had a lower mean hospitalization time than the group of patients treated with mainly open surgery (laminectomy, laminotomy, or hemilaminectomy) for intramedullary tumors. Concerning the extent of resection, only 1 tumor that was planned for complete resection remained subtotally resected. This is in line with the current literature, where resection rates of 93.0%-100% are described for minimally invasive approaches 21, 26, 28 and 70.5%-88.5% for open posterior approaches. 1, 21, 29, 30 These rates may be attributed to preoperative selection; if large tumors that are difficult to fully resect are not approached in a minimally invasive way from the start, lower rates of resection would be expected in the open approaches. However, the feasibility of minimally invasive approaches is supported by the high resection rates for such approaches throughout the literature. Two (2.5%) of our patients presented with recurrent meningioma during follow-up, and this rate compares favorably to the literature, where recurrence rates of approximately 9% 1, 16, 22 are frequently recorded. Nakamaura et al. 16 found this frequency in their long-term evaluation of meningioma recurrence only for Values are number of patients (%) unless otherwise indicated. * Includes 9 patients (12.5%) with dumbbell neurinomas. † Dumbbell neurinoma at C-2 root with paraspinal tumor capsule remaining in situ. ‡ Classified in this context as tumor regrowth requiring additional surgical treatment.
Simpson Grade II resections, which is interesting, because in our cohort, no resection of the dural attachment was performed; in rare cases we coagulated the dura at the base but we do not do this routinely. The aim of our study was to demonstrate a safe and efficient resection technique for intradural pathologies, especially in the light of recent publications focusing on large multilevel laminectomy approaches. 1, 24 Extensive approaches have been shown to be closely correlated with postoperative morbidity and deformity, 14, 25 especially with postoperative instability. The secondary goal of intramedullary tumor surgery, aside from tumor resection, was correctly defined by Samartzis et al. 24 in 2010 to be the preservation of stability in the course of tumor resection if possible. The preservation of stability is particularly important in patients with intradural extramedullary tumors. Due to the often benign nature of these tumors, the likelihood of surgical success should not overshadow awareness of the risk of related comorbidities when surgical treatment options are considered for these patients. Some authors recently advocated the use of immediate spinal fusion in intradural tumor surgery to prevent postoperative instability. 3, 22, 25, 27 The indication of fusion surgery was thereby based mainly on the extent of resection of the bone and ligaments. A special focus was set on extensive facetectomy, which harbored the risk of postoperative instability. 3 Other indicators for simultaneous fusion were also discussed, such as young patient age.
3 This is especially important because younger patients typically have a longer remaining life expectancy, and further surgical intervention for tumor recurrence might be more difficult after spinal fusion. Also, the region of interest in follow-up MRI will be severely and negatively affected by metallic implant artifacts. This is especially critical in the cohort of neurofibromatosis patients who are likely to develop progressive tumors in other areas of the neuraxis and for whom adequate treatment planning depends on a high-quality follow-up MRI. Due to the location and extent of some intradural pathologies, however, especially those with extraforaminal masses, facetectomy may be unavoidable. Nevertheless, the intrapleural and intraabdominal pressure from the ventral side often sufficiently mobilizes the extraforaminal tumor mass and brings it close to the neuroforamen, and complete resection may be possible through a minimally invasive approach as published by Krätzig et al. 11 In patients still requiring bony resection, thorough consideration should be given to the choice of implants used (e.g., carbon screws if possible), and instrumentation should be kept to a minimum. Subtotal resection of the extraforaminal tumor mass may also be an option with subsequent surgery using a lateral approach. In all other cases a minimally invasive approach 28 should be attempted, with a plan to switch to hemilaminectomy as the larger approach or even complete laminectomy if resection would otherwise remain insufficient. A number of smaller approaches have been introduced to reduce the above-described complications of laminectomy. Endoscopic procedures were evaluated by Parihar et al. 19 in a small patient sample with very good success and low complication rates. However, this technique is described as technically demanding. A switch to an open procedure is not easy. In addition, the technique involves resection of the medial facet joint, which may in rare cases also cause further degeneration of the spinal segment and procure instability. 26 Watertight dural closure is also a challenging task in endoscopic surgery and may only be achieved using fibrin glue in most of the cases. The application of sutures is extremely challenging in an endoscopic procedure compared with an interlaminar approach where microscopic suturing may be performed as a standard procedure to ensure water tightness (Fig. 2B) . Interlaminar approaches have the advantage of avoiding extensive resection of the facet joint. We made a special effort to preserve the joint capsule during surgery, only reducing the laminae for tumor exposure, which has been shown by Zhu et al. 28 to facilitate rapid recovery and preserve spinal stability. Compared with an endoscopic approach, intraoperative visibility and maneuvering options are increased and dural closure may be safely achieved with suturing and fibrin adhesives and confirmed under the microscope. Of course, one has to always bear in mind the increased dead space, favoring postoperative hematoma or CSF collections, and this may be significantly reduced in endosopic approaches with an approach channel of less than 1 cm. In our cohort, interlaminar approaches were associated with a significantly lower overall rate of surgery-related complications (9.6% vs 19.1%, p < 0.01) compared with extended open surgery (with laminectomy, laminotomy, or hemilaminectomy), indicating superiority of our keyhole approach for selected patients. Our results are comparable to results in the current literature where Zhu et al. 28 discussed decreased hospitalization for patients with interlaminar approaches, reporting a mean length of stay of 13 days to which our finding of 9 days compares favorably. Laminectomies, in comparison, were frequently reported with hospital stays of 7-27 days. 21, 29, 30 This difference may be explained by the larger wound and increased back pain and immobilization in laminectomies. However, the role of the health care system and its standards is not to be underestimated. At our institution, patients with intradural tumors were routinely transferred to a special neurological rehabilitation facility. Patient stay may be overestimated due to postoperative waiting times for a transfer to these institutions.
Complete resection rates were as high as 99.3% in extramedullary tumors treated with our keyhole approach (achieved in 150 of 151 cases). This rate was equal to or even higher than what has been reported for open surgery. 27 An interesting alternative to this approach is the mini-open transspinous procedure as described by Raygor et al., 21 reducing the retraction of the paraspinal muscle and removing the spinous process for better exposure of the index segment. This approach offers a wide view of bilateral and midline structures and may facilitate rigorous tumor removal in a variety of locations, but the muscle is still removed from the spinous process, and the interspinal ligaments bearing an important responsibility for spinal stability 10 are removed. In our opinion, this approach may be an interesting alternative to laminectomy for the resection of tumors that cannot be adequately reached by interlaminar approaches, but it does not preserve spinal stability to the same extent, and in the interest of stability preservation and comorbidity reduction, we advocate the use of less-invasive approaches.
Conclusions
In this study we demonstrate that intradural extramedullary and in select cases even intramedullary pathologies may safely be resected using an interlaminar approach, sparing the vital facets, bone, and ligaments, and thereby preserving spinal stability and reducing comorbidities. Significantly lower rates of complications occurred for mini-open interlaminar approaches compared with laminectomy, laminotomy, or hemilaminectomy within our mixed cohort, and high rates of complete tumor resection were still achieved. Spinal fusion was only necessary in the "extended-approach" group and should not be considered as a standard procedure in spinal intradural tumor surgery.
